To evaluate the relationship between cardiovascular injury and the pathological significance of endothelial constitutive nitric oxide synthase (ecNOS) and inducible nitric oxide synthase (iNOS) in endotoxic shock, Wistar rats were injected intraperitoneally with 10mg/kg Escherichia coli endotoxin and the resulting cardiovascular changes observed using immunohistochemistry, immunoelectron microscopy, the reverse transcription polymerase chain reaction (RT-PCR) and in situ hybridization at 4, 6, 8 and 10h after endotoxin administration. Immunohistochemical and electron microscopic observations showed that ecNOS was localized in the cytoplasmic vesicles and rough endoplasmic reticulum of the endothelium of coronary arteries and intermyocardial capillaries in both control and endotoxin-treated rats. iNOS was localized in the cytoplasmic vesicles and endoplasmic reticulum of vascular endothelial cells, vascular smooth muscle cells and cardiomyocytes after endotoxin administration. The RT-PCR study confirmed the expression of ecNOS and iNOS mRNA in the heart tissues of all animals including controls. In situ hybridization showed that ecNOS mRNA was expressed in the cytoplasm of vascular endothelial cells in control and endotoxin-treated rats. After endotoxin administration, iNOS mRNA was strongly expressed in vascular endothelial cells, vascular smooth muscle cells, cardiomyocytes and a small number of macrophages. Bacterial lipopoly-saccharide induces rapid release of nitric oxide in the microvasculature and cardiomyocytes resulting in the depression of cardiomyocyte contraction. These findings may describe the cardiac response after endotoxin treatment. (Jpn Heart J 1997; 38: 445-455) 
and exsanguinated from their descending aorta. The anterior wall of the heart was dissected out and cut into small pieces immediately after sacrifice. The heart sections were stained with hematoxylin and eosin and with Heidenhein-iron-hematoxylin for basic evaluation of myocardial structure. For ultrastructural observation, tissues were fixed in 2.5% glutaraldehyde in 0.1M cacodylate buffer solution (pH 7.4) and post-fixed in 1% osmium tetroxide in 0.1M cacodylate buffer, dehydrated in graded ethanols and embedded in epoxy resin. Semithin sections were cut and suitable tissue areas were selected for electron microscopic observation. Ultrathin sections were cut with a diamond knife on an Ivan Sorvall MT-5000 ultramicrotome. The sections were stained with uranyl acetate and lead citrate and examined with a Hitachi H-7000 electron microscope at an accelerating voltage of 75kv. Immunohistochemical observation:
For immunohistochemical observation, using a cryostat, placed on 3-aminopropyl-triethoxy-coated (silane) slides and stained by the indirect immunoperoxidase method. Endogenous peroxidase was inhibited by treatment with 0.3% H2O2 in 100% methanol. Reaction with monoclonal mouse anti-ecNOS antibody (Transduction Laboratories, Lexington, KY, USA) and polyclonal rabbit anti-iNOS antibody (Affinity Bioreagents, Inc., Golden, CO, USA) was performed at a dilution of 1:400 with overnight incubatreated with peroxidase-conjugated F(ab') fragments of goat anti-rabbit IgG (Jackson Immunoresearch Laboratories, Inc., West Grove, PA, USA) at a 1:50 dilution for the iNOS antibody or with peroxidase-conjugated F(ab') fragments of goat anti -mouse IgG (Medical and Biological Laboratories, Nagoya, Japan) at a 1:50 dilution for the ecNOS antibody. The sections were incubated with diarninobenzidine tetrahydrochloride as a substrate and then counterstained with hematoxylin. Immunoelectron microscopic observation: For the ultrastructural observation of immunostaining, tissue sections were post-fixed in 1% osmium tetroxide in 0.1M cacodylate buffer after development of the peroxidase reaction. The sections were then dehydrated in a graded ethanol series and embedded in epoxy resin. Semithin sections were cut and suitable tissue areas were selected for electron microscopy. Ultrathin sections were cut with a diamond knife on an Ivan Sorvall MT-5000 ultramicrotome. The sections were observed with a Hitachi H-7000 electron microscope at an accelerated voltage of 75kV. RT-PCR analysis: For RT-PCR analysis, total RNA was extracted from the heart tissues using Isogen (Nippon Gene, Tokyo, Japan). The first strands of kit (Boehringer Mannheim GmbH, Mannheim, Germany). Oligonucleotide Table I . Oligonucleotide Primers Oligonucleotide primers were produced by a DNA synthesizer according to the rat ecNOS (partial sequence, directly submitted to Gen Bank by Bruce C, Kone U02534), iNOS and GAPDH sequences primers were produced by a DNA synthesizer according to the rat ecNOS (partial sequence, directly submitted to Gen Bank by Bruce C. Kone, U02534), iNOS and GAPDH sequences ( the nucleotide sequences of rat ecNOS and iNOS cDNA, 50-mer oligonucleotides of ecNOS and iNOS were synthesized as probes. The oligonucleotide probe for iNOS encodes a sequence between the flavine adenine dinucleotide and the flavine mononucleotide binding sites. The sequence of the ecNOS oligonucleotide was 5'-AAGGCACAGAAGTGCGGGTATGCTCTGGAGCCCAGCCC-AAACACACAGAA-3' and that of iNOS was 5'-GGATCTGAATGC-AATGTTTGC-TTCGGACATCGAACGGCAC-ACAGGCTGCC-3'.
The reverse sequences of these oligonucleotides were also synthesized for use as sense probes. The oligonucleotides were then labeled with digoxigenin (Dig)-dUTP by (Table II) . In control rats and at 10 hours after endotoxin administration, plasma nitrite was not detectable. Macroscopical and morphological observations: The animals became tachycardic and some died after 8h of endotoxin administration. Light microscopically, irregular contraction of cardiomyocytes was observed in the early stage. After 8h of endotoxin administration, occasional disintegration and vacuolization of the cardiomyocytes as well as lysis of myofibrils became prominent. Ultrastructurally, increased pinocytotic vesicles in endothelial cells associated with widened intercellular spaces, and vacuolization of endothelial and medial cells of the vasculature were observed. In cardiomyocytes, swelling of mito- Table II. 
NO Production after Endotoxin Administration
Plasma nitrite values in rats after endotoxin administration.
Nitrite values are higher at 4, 6 and 8h in treated rats than in non-treated rats.
Jpn Heart J May 1997 chondria and interstitial edema were noted after endotoxin administration. Immunohistoehemieal observations: Immunohistochemically, the immunoreactive products of ecNOS were localized in the vascular endothelial cells of intermyocardial capillaries or coronary arteries in both control and endotoxintreated heart tissues. Inducible NOS immunoreactivity was occasionally present in control vascular smooth muscle cells. After endotoxin administration, iNOS immunoreactivity was observed in a large number of vascular endothelial cells, vascular smooth muscle cells and cardiomyocytes. The immunoreactive products were clearly observable in the heart 4, 6 and 8h after endotoxin administration (Figure 1) . A small number of infiltrating macrophages were also stained with iNOS antibody. No immunohistochemical staining was detected when tissue sections were treated either in the absence of primary antibody or in the presence of normal mouse or rabbit serum instead of ecNOS or iNOS primary antibody, respectively. Immunoelectron microscopic observations:
Ultrastructurally, ecNOS-positive endothelial cells showed immunoreactivity as a high-density immunoprecipitate in the cytoplasmic vesicles and rough endoplasmic reticulum of the endothelium in control and endotoxin-treated rat hearts. After endotoxin administration, increased amounts of iNOS reaction products were seen in the cytoplasmic membrane system, such as the endoplasmic reticulum of the vascular endothelial cells, vascular smooth muscle cells and cardiomyocytes (Figure 2) . No immunoprecipitate was observed on the sections treated without ecNOS or iNOS antibody. RT-PCR analysis: PCR amplification products were detected at 264 by for ecNOS mRNA, 352bp for iNOS mRNA and 202bp for GAPDH mRNA in control rat heart tissues and at 4, 8 and 10h after endotoxin administration. RT-PCR products of GAPDH mRNA were almost the same in each group, however the PCR-amplified products of iNOS mRNA were more increased after endotoxin administration compared with control rat heart. On the other hand, the PCR-amplified products of ecNOS mRNA were not increased after endotoxin administration (Figure 3) . In situ hybridization:
Localization of ecNOS mRNA was evident in the vascular endothelial cells of control rat hearts on in situ hybridization. After endotoxin administration, ecNOS mRNA was found in the cytoplasm of swollen vascular endothelial cells. On the other hand, iNOS mRNA was faintly detectable in vascular endothelial cells, smooth muscle cells and infiltrating macrophages in control rats. After endotoxin administration, iNOS mRNA was localized in the cytoplasm of vascular endothelial cells, vascular smooth muscle cells and cardiomyocytes (Figure 4 ).
DISCUSSION
NO is synthesized from L-arginine by ecNOS, iNOS and neuronal NOS (nNOS). NO synthesized by ecNOS in the vascular endothelium plays a vital role in the control of vascular tone and prevention of thrombus formation.4) On the other hand, iNOS is synthesized after injury or shear stress and catalyzes the production of large amounts of NO. To obtain more detailed information on the biological roles of NO and NOS in cardio-vascular injury resulting from septic shock, we examined the induction of ecNOS and iNOS in hearts after endotoxin administration. In control and endotoxin-treated rat heart, ecNOS and iNOS mRNA were detectable by RT-PCR. In previous studies, ecNOS has been observed in endothelial cells, and detected immunohistochemically in control hearts, while ecNOS mRNA has been detected in LPS-treated rat heart tissues.9,10) In the present study, ecNOS and its mRNA were localized only in the endothelial cells of control and endotoxin-treated heart on examination using immunohistochemistry, immunoelectron microscopy and ISH. The number of ecNOS mRNA-positive cells and the amounts of ecNOS RT-PCR products did not increase after endotoxin administration. On the other hand, previous studies have found that iNOS mRNA could not be detected by northern blot analysis in control rat heart,11) nor could iNOS be found in vascular endothelial cells or vascular smooth muscle Cells.12-14) RT-PCR may detect the small amounts of iNOS mRNA synthesized by endothelial cells, smooth muscle cells and macrophages in control rat heart. After endotoxin administration, the intensity of the iNOS mRNA band was significantly increased. In a previous study using northern blot analysis, iNOS mRNA was the highest six hours after endotoxin administration.11) After LPS treatment, myocytes, macrophages and smooth muscle cells have been shown to produce iNOS in vitro.15,16) In our examination, iNOS was synthesized by myocardial cells, vascular endothelial cells, smooth muscle cells and macrophages in vivo. In sepsis, high plasma levels of NO2-and NO3-occur17-19) as a result of excessive NO production induced by iNOS , and this may contribute to the loss of peripheral vascular tone, depression of myocardial contractility and hypotension observed after endotoxin administration. Under specific inflammatory conditions, the generation of NO in vascular tissue switches from ecNOS in the endothelium to iNOS in vascular smooth muscle cells. cells and cardiomyocytes. The overproduction of NO by iNOS also plays a major role in hyperdynamic endotoxemia.22) The myocardium has the capacity to express iNOS and the presence of iNOS in cardiomyocytes may be an important regulator of contractile function in the heart.23-26) Induction of NO synthase in the heart may explain the specific cardiac dysfunction of endotoxic shock. No synthase induction contributes to the pathogenesis of septic shock, and the inhibition of NO synthase may be useful for the treatment of septic shock.11) Tsujino et al. reported that the sustained depression of myocardial contractility induced by cytokines may be partly mediated by local NO production, generated by enhanced iNOS activity in cardiomyocytes and non-myocytes such as vascular endothelial cells.27) The role of NO overexpression in endotoxic shock is not clear at this point. However the regulation of iNOS synthesis by vascular endothelial cells, vascular smooth muscle cells, cardiomyocytes and macrophages may be one way to control endotoxin shock.25) Increased nitric oxide produced by non-cardiomyocytes including microvascular endothelial and smooth muscle cells and cardiomyocytes may contribute to the contractile dysfunction of heart after endotoxin treatment.
